In the bone marrow, a population of memory T cells has been described that promotes efficient secondary immune responses and has been considered to be preactivated, owing to its expression of CD69 and CD25. Here we show that human bone marrow professional memory T cells are not activated but are resting in terms of proliferation, transcription, and mobility. They are in the G 0 phase of the cell cycle, and their transcriptome is that of resting T cells. The repertoire of CD4 + bone marrow memory T cells compared with CD4
In the bone marrow, a population of memory T cells has been described that promotes efficient secondary immune responses and has been considered to be preactivated, owing to its expression of CD69 and CD25. Here we show that human bone marrow professional memory T cells are not activated but are resting in terms of proliferation, transcription, and mobility. They are in the G 0 phase of the cell cycle, and their transcriptome is that of resting T cells. The repertoire of CD4 + bone marrow memory T cells compared with CD4
+ memory T cells from the blood is significantly enriched for T cells specific for cytomegalovirus-pp65 (immunodominant protein), tetanus toxoid, measles, mumps, and rubella. It is not enriched for vaccinia virus and Candida albicans-MP65 (immunodominant protein), typical pathogens of skin and/or mucosa. CD4
+ memory T cells specific for measles are maintained nearly exclusively in the bone marrow. Thus, CD4
+ memory T cells from the bone marrow provide long-term memory for systemic pathogens.
antigen-specific response | short-and long-term memory | polyfunctional M emory CD4 + and CD8 + T cells are essential components of immunological memory. In humans, analyses of memory T cells have been largely limited to T cells isolated from peripheral blood. Memory T cells of the blood and secondary lymphoid organs (SLOs) are believed to recirculate to find their cognate antigen, presented to them by activated antigen-presenting cells (APCs) in the SLOs. In the apparent absence of antigen their numbers slowly decline (1, 2) , suggesting that recirculating memory T cells provide a memory of a limited duration. They have been described as a heterogeneous population with respect to function, based on the expression of either chemokine receptors (3) or cytokines (4) . With respect to immunity against infectious pathogens such as HIV, polyfunctional memory Th cells are considered to be the most effective in protection (5) .
Recently, memory T cells have been found in many peripheral tissues, such as skin, lung, intestine, and thymus (6) (7) (8) . These tissue-resident memory T cells (T RM ) are thought to provide immediate effector function at the preferred sites of infection with specific pathogens; however, the stability of this memory in humans is not yet clear (9) . Memory T cells have also been identified in the bone marrow, which is a privileged tissue in that it is not connected to lymphatic vessels. In humans, memory T cells from the bone marrow express CD69 and thus have been considered to be "preactivated" (10) and, until now, their contribution to immunological memory has remained unclear.
In mice, we have recently identified a population of professional memory CD4
+ T cells that is located in the bone marrow in the memory phase of an immune response (1), similar to long-lived plasma cells (11) (12) (13) . These memory Th cells dock onto IL-7-expressing stroma cells (1), which presumably provide a survival niche for their maintenance (14) (15) (16) , analogous to the maintenance of long-lived plasma cells by CXCL12-expressing stroma cells (11) (12) (13) . Murine memory Th cells of the bone marrow provide efficient help to B cells in secondary immune reactions, and their numbers are stably maintained. Furthermore, murine bone marrow memory Th cells express CD69, which is critically required for migration of Th cells into the bone marrow (17) . Most importantly, in the absence of bone marrow memory Th cells, secondary immune responses are severely impaired, demonstrating the essential role of murine bone marrow memory Th cells for the maintenance of immunological memory.
Here we analyze and compare memory T lymphocytes from human bone marrow and blood. We show that memory T cells of the bone marrow rest in terms of proliferation, transcription, and mobility, despite expressing CD69. The repertoire of bone marrow CD4
+ memory T cells is enriched for T cells recognizing cytomegalovirus (CMV)-pp65, tetanus toxoid (TT), rubella, mumps, and measles virus, all of which are systemic pathogens. CD4 + memory T cells specific for vaccinia virus or Candida (C.) albicans-MP65, representing skin-and/or mucosa-specific pathogens, are Significance Memory T cells are essential components of immunological memory. In the apparent absence of antigen, numbers of recirculating antigen-specific memory T cells dwindle, provoking the question of whether there is immunological memory without memory T cells. Here we show that human memory T cells can reside in the bone marrow as resting cells in terms of proliferation, transcription, and mobility. The repertoire of bone marrow memory T cells is enriched for systemic pathogens representing persistent, recent, and childhood challenges. In terms of absolute numbers, memory T cells specific for systemic antigens are maintained predominantly in the bone marrow, in particular those representing historic encounters.
not enriched in the bone marrow. In terms of absolute numbers, most memory CD4 + T cells specific for systemic antigens are maintained in the bone marrow, in particular those specific for historic antigens. Memory CD4 + T cells of the bone marrow are polyfunctional, namely they have the capability to express several cytokines simultaneously. Thus, memory T cells of human bone marrow are resting, professional memory cells that provide longlasting, polyfunctional memory for systemic pathogens. 
Results

CD45RA
− cells in blood and bone marrow.
Human Bone Marrow Memory T Cells Express CD69 but Are Not Activated. CD69 is a calcium-dependent type II transmembrane receptor of the lectin superfamily (20) . Expression of CD69 is induced upon activation of T lymphocytes and is therefore sometimes regarded as an activation marker (21) . Less than 1% of human CD3 + CD45RO + CD45RA − memory T cells from peripheral blood expressed CD69. Strikingly, in bone marrow, 62.8% of CD8 + and 28.6% of CD4 + memory T cells expressed CD69, whereas in terms of absolute numbers, bone marrow contained equal numbers of CD69 + memory CD4 + and CD8 + T cells (Fig. 1D) . With the exception of CD69, bone marrow memory T cells did not express other putative activation markers. For example, ex vivo isolated memory T cells from blood or bone marrow did not express CD137 (Fig. 1E) . This was not due to anergy or refraction, because memory T cells from blood and bone marrow readily expressed CD137 upon restimulation with anti-CD3/CD28 (Fig. S2 ). CD25 was expressed by 9% of the (CD69
+ cells from blood and by 2.1 and 5.5% of the bone marrow CD69
+ and CD69 − memory CD4 + T cells, respectively (Fig. 1F) . However, more than 80% of the cells expressing CD25 did not express the IL-7 receptor (CD127 low ) but rather expressed FOXP3 (forkhead box P3; scurfin) ( Fig. 1G and Fig. S3 ), highlighting that these cells are bona fide regulatory T cells (22) . Therefore, bone marrow also contains a substantial fraction of regulatory memory T cells and, moreover, bona fide memory T cells residing in the bone marrow are not in an activated state, despite their expression of CD69. CD127 (24) (Fig. S4) . Thus, more than 98% of the bone marrow memory T cells are resting in the G 0 phase of the cell cycle ( Fig.  2A) . In relation to CD69 expression by memory CD4 + and CD8 + T cells of the bone marrow, Ki67 expression was largely confined to CD69 − memory CD4 + and CD8 + T cells (Fig. 2B) . To further identify memory T cells in the S and G 2 /M phases of the cell cycle, DNA content was assessed quantitatively by propidium iodide (PI) staining (Fig. S5 ). On average, 0.185% of memory CD4
+ cells from blood and 0.175% from bone marrow, and 0.067% of memory CD8 + T cells from blood and 0.2% from bone marrow, were in the S and G 2 /M phases of the cell cycle (Fig. 2C) . Importantly, memory T cells from both blood and bone marrow could be readily reactivated with anti-CD3/CD28, resulting in 15-22% of the CD4 + and CD8 + memory T cells entering the S and G 2 /M phases of the cell cycle ( Fig. 2C and Fig.  S5 ). Therefore, steady-state memory T cells of human bone marrow are resting in the G 0 phase of the cell cycle.
To further determine the global transcriptional activity of bone marrow memory CD4 + T cells, gene expression was analyzed by Affymetrix microarrays. Memory CD4 + T cells were isolated ex vivo from four paired blood and bone marrow samples. Transcriptomes of these cells were compared with those of memory CD4 + T cells from blood of eight unrelated donors, directly after ex vivo isolation or after stimulation for 3 h with phorbol-myristic acid (PMA)/ionomycin. Transcriptomes of memory CD4 + T cells from blood and bone marrow were very similar and clearly distinct from transcriptomes of activated memory CD4 + T cells (Fig. 3) . In memory CD4
+ T cells from blood and bone marrow, compared with activated T cells, genes indicating activation were downregulated, as exemplified by IL22, FOXP1, and IFNGR2, whereas genes such as RCOR3 and HDAC1, indicating repression of transcription, were up-regulated (Table S1 ). Transcriptional inactivity of ex vivo cells was indicated by down-regulation of IRF4, RNPS1, SLAMF1, and NFAT5, and proliferative rest was indicated by down-regulation of MKI67IP, CDK6, and WEE1 and up-regulation of RBL2. In addition, mobility arrest was indicated by up-regulation of ARHGDIB and down-regulation of RHOA and SVIL. As expected, and of particular relevance, is the selective down-regulation of S1PR1, a receptor for S1P, in CD69 + memory CD4 + T cells from bone marrow. This receptor would be required for S1P-mediated egress into the blood (25) (26) (27) . With respect to genes involved in survival, memory T cells did not express FASL and other apoptotic regulators such as CRADD and TNFAIP8, and thus are not prone to FAS-mediated induction of apoptosis, as expected, whereas activated T cells did express FASL, CRADD, and TNFAIP8. In addition, expression of antiapoptotic regulators XAF1 and CD27 was upregulated in the resting memory T cells, compared with the activated cells. With respect to functional diversity, expression of the T-cell differentiation lineage-determining transcription factors GATA3, TBX21 (TBET), RORC (nuclear receptor RORgamma), EOMES, and BCL6 was detected in memory T cells from both blood and bone marrow, indicating a broad functional repertoire. Otherwise, the global gene expression profiles of memory T cells from blood and bone marrow confirm their resting state in terms of proliferation and mobility, and are clearly distinct from activated cells.
The Repertoire of Bone Marrow Memory CD4 + T Cells. To assess the repertoire of bone marrow memory CD4
+ T cells, we determined the frequencies of memory CD4 + T cells specific for CMV-pp65, TT, measles, rubella, mumps, vaccinia virus, and C. albicans-MP65 in paired bone marrow and blood samples of individual donors aged 40-70 y. Bone marrow and blood mononuclear cells were restimulated with antigen and CD28 antibodies for 12 or 16 h (the latter for vaccinia virus). CD4
+ T cells reacting to the antigen were identified according to the expression of CD154 (28, 29) and one or more of the cytokines IL-2, TNF-α, and IFN-γ, as assessed by intracellular immunofluorescence (Fig. S6A) . Frequencies of cells reacting to stimulation with "anti-CD28 only" were subtracted from the frequencies of cells reacting to "anti-CD28 plus antigen." The superantigen SEB was included as a high control for stimulations (Fig. S6B) . Furthermore, to exclude that any potential differences in frequencies of reactive cells were due to inadequate antigen presentation in either blood or bone marrow, for example different types or numbers of APCs, we performed control experiments mixing bone marrow and blood cells at 1:1 ratios, with one or the other fraction being carboxyfluorescein succinimidyl ester (CFSE)-labeled, and stimulating them with CMV-pp65. The frequencies of reactive cells from bone marrow and blood were the same in the mixed culture as in the separate pure blood and bone marrow control cultures, demonstrating that APCs from both bone marrow and blood are equally efficient at presenting antigen (Fig. S6C) .
For pp65 and TT, CD154
+ cytokine + cells were readily detectable both in blood and bone marrow, but frequencies (Fig.  4A ) were higher in bone marrow than in blood, except for one donor showing a higher frequency of TT-specific cells in blood than in bone marrow. Moreover, absolute numbers (Fig. 4B ) of pp65-reactive cells were significantly higher in bone marrow than in blood. Similarly, TT-reactive cells in bone marrow outnumbered those in blood by five times (Fig. 4B) . Interestingly, CD154
+ cytokine + memory T cells reacting to measles were below the level of reliable detection in blood in five out of six donors, that is, at frequencies below 10 −4 of memory CD4 + T cells and less than 3 × 10 5 in the entire organ (Fig. 4 A and B and Fig. S7 ). However, in bone marrow, measles-specific CD154 
cells (Fig. 4B). For rubella, CD154
+ cytokine + cells were detectable in bone marrow in similar frequencies as TT-reactive cells, whereas they were not detectable in blood in two out of four donors (Fig. 4A and  Fig. S7 ). However, in the two donors with detectable responding cells in blood, the frequencies as well as absolute numbers of rubella-specific cells were higher in bone marrow than in blood (Fig.  4 A and B and Fig. S7 ). Also similar to TT, mumps-specific CD154 + cytokine + cells were present in higher frequencies in bone marrow in three out of four donors (Fig. 4 A and B and Fig. S7 ). The higher frequencies of CD4 + memory T cells in bone marrow recognizing CMV, TT, measles, rubella, and mumps, compared with blood, reflect a preferential recruitment of memory T cells specific for systemic antigens to the bone marrow. The exclusive presence of memory Th cells specific for the measles virus antigen in bone marrow in five out of six donors as well as for the rubella antigen in two out of four donors shows that the bone marrow is able to maintain long-term memory, even in the apparent absence of circulating memory cells. For C. albicans-MP65 or vaccinia virus, CD154 + cytokine + memory Th cells were detectable both in bone marrow and blood in three or four out of five donors, respectively, without significant differences in absolute numbers between these two tissue compartments (Fig. 4 A and B and Fig. S7 ). The differential distribution of long-term T-cell memory for systemic pathogens (measles, rubella, and mumps) versus that for skin/ mucosal pathogens (C. albican-MP65 and vaccinia) may reflect the different immunization routes and/or different immune responses as, at least in mice, a prominent skin-resident T-cell memory for vaccinia is known to develop (30) .
Memory CD4 + T cells that reacted with the reexpression of two or more of the cytokines TNF-α, IL-2, and IFN-γ are polyfunctional and considered to be more protective in secondary immune reactions to infectious pathogens than those expressing only one of the three cytokines (5, 31) . Both in terms of frequencies and absolute numbers, polyfunctional memory Th cells specific for pp65 or TT predominantly resided in bone marrow (Figs. S7 and S8) . In absolute numbers, and with considerable individual variation, 5-50 times more pp65-or TT-specific polyfunctional memory Th cells resided in the bone marrow than in the blood (Fig. S8) . Polyfunctional memory Th cells specific for vaccinia, at frequencies of 0.017-0.189%, corresponding to absolute numbers of 4 × 10 5 to 1.8 × 10
7
, were found both in the bone marrow and in blood (Figs. S7 and S8 ). Polyfunctional memory Th cells specific for measles were only found in the bone marrow in five out of six donors, at an average frequency of 0.016% of memory CD4 + T cells (Figs. S7 and S8) .
Discussion
In the present study, we have compared phenotype, gene expression, repertoire of antigen specificity, and persistence of memory T cells from bone marrow and blood of individual human donors. Both CD4 + and CD8 + memory T cells from bone marrow are quiescent in their activation status and rest in the G 0 phase of the cell cycle, and their gene expression profile suggests that they are immobile and protected from apoptosis.
It has been known for some time that bone marrow contains a prominent population of CD4 + and CD8 + cells with a memory/ effector phenotype, both in humans (32) (33) (34) and in mice (1, (35) (36) (37) . We have shown previously that in murine immune responses to defined antigens, that are, those resembling vaccines, antigenspecific memory CD4
+ T cells translocate to the bone marrow within 30-60 d, and thereafter are maintained almost exclusively in the bone marrow whereas they slowly decline in blood and SLOs (1) . Similarly, the slow contraction of memory T cells in blood has also been described for humans (2) , provoking the question of whether there is immunological memory without memory T cells (38) . Despite this, the analysis of memory T cells from blood has until now continued to be the major basis for the assessment of T-cell memory in humans. However, in light of the apparent contraction of memory T cells in the periphery, memory T cells specific for some pathogens at best represent "shortterm" memory. The analysis of murine memory Th cells from bone marrow has put bone marrow memory T cells center-stage, constituting a population of persisting professional memory cells resulting in stable systemic Th memory (1, 16) . Moreover, although recently T RM cells have been described in humans (39) and mice (6) (7) (8) and are discussed as a major effector of local long-term memory, it remains unclear as to how they are stably maintained over time (9) .
In the present analysis, we also have compared the repertoire of memory Th cells from human blood and bone marrow (of the same donors) for specificities representing presumably persistent antigens, namely pp65 of CMV and MP65 of C. albicans; antigens encountered within the last 10 y, namely TT; and antigens presumably encountered only in childhood (40-70 y ago in the case of our study), namely measles, rubella, mumps, and vaccinia virus or vaccine. In the bone marrow of the donors analyzed, significant populations of memory Th cells specific for any of these antigens are present, ranging in numbers from 10 6 to 10 8 .
Memory CD4
+ T cells specific for vaccinia were found both in blood and bone marrow in four out of five analyzed donors, without significant differences in absolute numbers between these two tissue compartments. This could be due to a preferential location of vaccinia-specific memory T cells in the skin, as has been recently reported in mice (30) , and/or a preferential generation of circulating memory cells, compared with bone marrow memory cells. It has been shown previously that the numbers of vaccinia-specific CD4
+ memory T cells in human blood decline over time, with a half-life of 8-15 y (2). Also for Candida, CD4
+ memory T cells were present in blood at higher frequencies than in bone marrow, in three out of four donors, suggesting that the repertoire of memory T cells specific for pathogens addressing skin and mucosa are excluded from the bone marrow and may be maintained in the tissues affected as tissue-resident memory cells (30, 40) . CD4 + memory Th cells specific for measles were exclusively detectable in bone marrow in five out of six donors, in numbers comparable to TT-specific cells. Also, in two out of four donors, CD4
+ memory T cells specific for rubella were only detectable in bone marrow, and not in blood. Memory Th cells specific for CMV, TT, mumps, and rubella, the latter in two out of four donors, were also found in the blood, but at frequencies among CD4
+ memory T cells of at least twofold less than in bone marrow. Thus, the repertoire of human bone marrow CD4 + T-cell memory is significantly enriched for T cells specific for systemic pathogens and vaccines. In terms of absolute cell numbers, CD4 + T cells specific for these systemic antigens were even more prominent, 5-20 times, in the bone marrow than in the blood. This observation is in line with a stable maintenance of memory Th cells in the bone marrow, whereas their numbers would dwindle in the blood (1) . Moreover, this observation shows that memory Th cells in the bone marrow can be maintained in the apparent absence of memory Th cells in blood, in other words, that the bone marrow cells are not circulating but remain residents of the bone marrow.
This notion of bone marrow residency is supported by differences in the phenotypes of memory T cells from blood and bone marrow. For example, we found that 30% of CD4 + and 60% of CD8
+ memory T cells from bone marrow expressed CD69, commonly regarded as an activation marker (21) . Accordingly, memory T cells from bone marrow have been considered to be in a "heightened" activation state (10, 41) . However, here we show that despite expression of CD69, these cells are quiescent. They do not express other activation markers, such as CD137, they show a gene transcription profile of resting cells, very similar to that of memory T cells from blood and clearly distinct from that of activated T cells, and they are in the G 0 phase of the cell cycle, as determined by Ki67 staining. This resembles the situation in the mouse, where 30% of the memory Th cells of bone marrow express CD69 yet are resting in terms of proliferation and overall transcriptional activity (1) . In mice, expression of CD69 on activated Th cells is critical for their migration into the bone marrow and the establishment of Th cell memory as such (17) . Furthermore, expression of CD69 may also be critical to retain the cells in the bone marrow, because expression of a receptor for S1P, which mediates egress into the blood (25) (26) (27) , is downregulated in CD69
+ bone marrow memory Th cells.
Bone marrow CD4
+ memory T cells are imprinted for efficient reexpression of effector cytokines. Memory cells specific for pp65 of CMV, TT, measles, rubella, mumps, MP65 of C. albicans, or vaccinia, when restimulated, readily expressed two or three of the cytokines TNF-α, IL-2, and IFN-γ, marking them as "polyfunctional" memory T cells. In immune responses to HIV, it had been shown that this polyfunctionality is essential for efficient immune responses to the pathogen (5, 31) . For systemic pathogens (CMV-pp65, TT, measles, rubella, and mumps), specific polyfunctional memory T cells preferentially reside in bone marrow. Even if one considers that not all cycling memory T cells are in the blood but more are in the SLOs (42) and tissues such as the skin (43), CMV-, TT-, and measles-specific polyfunctional memory T cells are largely restricted to the bone marrow. Interestingly, polyfunctional CD4
+ memory T cells specific for C. albicans-MP65-and vaccinia-specific ones are not, again indicating that CD4 T-cell memory for these antigens may be maintained in the tissues affected, namely skin and mucosa.
From the transcriptomes of bone marrow memory cells, it is obvious that all of the lineage-determining transcription factors of memory T-cell differentiation are expressed, including TBX21, GATA3, RORC, EOMES, and BCL6. FOXP3 is also expressed, suggesting that a fraction of the memory cells in bone marrow are regulatory memory T cells. As we show here, memory T cells of the bone marrow are resting and maintain antigen-specific memory over long periods of time, presumably decades, even when memory T cells of the same specificity are no longer detectable in the blood. This is a drastic reversal of the current concept that memory T cells recirculate throughout the body to find their cognate antigen, presented to them by APCs in SLOs. If memory T cells reside and rest in the bone marrow, antigen-sampling and/or -presenting cells would have to come to the bone marrow to find and mobilize the memory T cells specific for their antigen. At present it remains enigmatic how this works. However, it has been shown already for murine memory Th cells from bone marrow that they are superior helper cells in secondary immune responses, compared with memory T cells from spleen, efficiently promoting antibody class switching and affinity maturation of activated B cells (1, 17) .
Materials and Methods
Sample Collection and Preparation. Unpaired blood samples were collected from anonymous healthy adult donors (mean age ± SEM: 47.5 ± 3.6; n = 8) and paired bone marrow and peripheral blood samples from anonymous systemically healthy adults (63.8 ± 1.2; n = 61) undergoing hip replacement operations. All samples were obtained with local ethical committee (Ethikkommission der Charité-Univerisitätsmedizin Berlin) approvals and informed consent in accordance with the Declaration of Helsinki. All freshly obtained samples were subjected to immediate preparation. Mononuclear cells of blood and bone marrow were isolated by density gradient sedimentation using Ficoll-Hypaque (Sigma-Aldrich).
Flow Cytometry Analysis. Eight-to 12-color flow cytometry was performed for the analysis of cell phenotype, cytokine profile, and cell sorting using a BD FACSAria cell sorter, LSRFortessa flow cytometer (BD Biosciences), or MACSQuant (Miltenyi Biotec). The following fluorochrome-conjugated mouse anti-human antibodies were used to stain cells: CD14 (Beckman Coulter), CD19 and CD4 (house conjugate), Ki67 (eBioscience), CD154 (Miltenyi Biotec), CD3, CD45RA, and CD45RO (BD Biosciences), CD8, CD69, CD25, CD127, CCR7, CD137, TNF-α, IFN-γ, and IL-2 (BioLegend). DAPI or PI was used as a dead cell exclusion marker. Stained cells were acquired using FACSDiva (BD Biosciences) or MACSQuantify software and data were analyzed with FlowJo (Tree Star).
FOXP3 Staining. Cells isolated from paired bone marrow and blood samples were first stained for surface markers followed by fixation/permeabilization and intracellular staining using the Foxp3 Staining Buffer Set (eBioscience) according to the manufacturer's recommendations.
Cell-Cycle Analysis. Cell-cycle status was assessed by staining cells with Ki67 or PI. Briefly, live cells were stained with surface markers followed by fixation/ permeabilization using FACS Lysing Solution/FACS Permeabilizing Solution 2 (BD Biosciences) for Ki67 or Foxp3 Fix/Perm buffers (eBioscience) for PI. In the case of PI staining, cells were treated with RNaseA (200 μg/mL) and stained for PI (20 μg/mL) in PBS at 37°C for 15 min. Samples were acquired via MACSQuant (Miltenyi Biotec). Additional methods are available in SI Materials and Methods.
